Physical aspects of radiation sensitivity by Kellerer, Albrecht M.
INTERNATIONAL JOURNAL OF 
RADIATION ONCOLOGY 
BIOLOGY-PHYSICS 
V O L U M E 5, N U M B E R 7 J U L Y 1979 
T A B L E O F C O N T E N T S 
• ORIGINAL CONTRIBUTIONS 
Cancer of the Bi lharz ia l Bladder 
Ε . M . Chev len , Η . K . A w w a d , J. L . Ziegler and I . Elsebai 921 
Corre la t ion of Radiat ion and Surgical Parameters in Complicat ions in the Extended Field Technique for 
Carcinoma of the Cervix 
M . A . E l Senoussi, G . H . F le tcher and B . C. Borlase 927 
The Effect of Pelvic I r r a d i a t i o n on the Absorpt ion of Bile Acids 
J. A . S t ryker and L . M . Demers 935 
Low Dose Elective Bra in I r r a d i a t i o n in Small Cell Carcinoma of the L u n g 
D . D. Beiler , R. C. Kane, A . M . Bernath and M . R. Cashdol lar 941 
A Pilot Study to Investigate Sk in and T u m o r Thermal Enhancement Ratios of 4 1 . 5 - 4 2 . 0 ° C Hype r the rmia 
w i t h Radiat ion 
R. J. R. Johnson, T . S. Sandhu, F. W . Hetze l , S.-Y. Song, Η . I . Bicher , J. R. Sub jeck and H . S. K o w a l 947 
The Response of Pig Skin to Single and Fractionated H i g h Dose-Rate and Cont inuous L o w Dose-Rate U 7 C s 
I r r a d i a t i o n . Par t I I . Theoret ical Considerations of the Results. 
I . Turesson and G. No t t e r 955 
Potentiation of Cytotoxici ty of 5-Thio-D-Glucose on Hypoxic Cells by H y p e r t h e r m i a 
C. W . Song, D . P. Guer t in and S. H . L e v i t t 965 
Quant i ta t ion of the Radiotherapeutic Importance of Na tu ra l ly Hypoxic N o r m a l Tissues f r o m Collated 
Experiments w i t h Rodents Using Single Doses 
J. H . H e n d r y 971 
The Role o f Radiat ion Therapy i n the Treatment of Small Cel l Undifferent ia ted Bronchogenic Cancer 
B . S. Ajaikumar and Η. T. Barkley 977 
• RAPID COMMUNICATIONS 
Misonidazole Neurotoxici ty i n the Mouse 
P. J. C o n r o y , R. V o n B u r g , W . Passalacqua, D . P. Penney and R. M . Su the r l and 983 
Single Dose To ta l L y m p h o i d I r r a d i a t i o n Combined w i t h Cyclophosphamide as Immunosuppression for 
H u m a n M a r r o w Transplanta t ion in Aplastic Anemia 
Τ . H . K i m , J. H . Kersey, F. M . K h a n , W . Sewchand, N . Ramsey, W . K r i v i t , P. Coccia , Μ. E . Nesbi t and 
S. H . L e v i t t 993 
• BRIEF COMMUNICATIONS 
Immunosuppression and Reconsti tution w i t h Thymosin after Radiat ion Therapy 
W . M . Wara , D . W. Wara , A . J. A m m a n n , J. L . Barnard and T . L . Phi l l ips 997 
Nodu la r Lymphomas : Involvement of Epi t rochlear Nodes 
W . Saunders, E . Glats te in , R. Hoppe and H . K a p l a n 1003 
• EDITORIAL 
Pre-Operative I r r a d i a t i o n of Patients w i t h Τ 3 Carc inoma in Bi lha rz ia l Bladder 
W . L . Ca ldwe l l 1007 
• CURRENT CONCEPTS IN CANCER 
Updated Cervix Cancer—Stages 0 and IA 
In t roduc t i on 
P. Rub in 1009 
Staging Classifications 
H . Ul fe lde r 1013 
Histologic Types and Prognosis of Cancers of the Uterine Cervix 
J. W . Reagan and Y . S. Fu 1015 
The Subclinical Stages of Carcinoma of the Uter ine Cervix and Possible Precursor Lesions 
W . M . Chr is topherson 1021 
Radiotherapeutic Approaches 
R. R. M i l l i o n 1027 
Surgical Approaches to Stages 0 and 1A Carcinoma of the Cervix 
J. H . Ne l son 1029 
• UNITED STATES-ITALY COOPERATIVE SEMINAR ON RADIATION 
SENSITIVITY: FACTS AND MODELS 
Preface 1033 
In t roduc t ion : The Role of Models in Radiat ion Science 
G. Gor in 1035 
Physical Aspects of Radiat ion Sensitivity 
A . M . Ke l l e re r 1041 
Chemical Processes Induced Radiolyt ical ly in Weil-Defined Aqueous Systems 
J. K . Thomas 1049 Radiolysis of D N A and Other Biopolymers 
L . S. M y e r s and E. K a y Ι , ^ Σ Ά * I 1055 
( Bayerische ] 
J Staatsbibliothek Ι 
l München J 
Radiolysis o f Heterogeneous Inanimate Systems 
J. H . Fendler 1061 
Modif ica t ion of Rad ia t ion Sensit ivity: The Oxygen Effect 
M . Q u i n t i l i a n i 1069 
D N A Repair and Mutagenesis i n Bacter ial Systems and T h e i r Impl icat ions in Oncology 
M . Er re ra 1077 
Sensitivity to Ion iz ing Radiat ions and Damage Repair i n Yeast 
G . E. M a g n i , L . Panzeri and S. Sora 1085 
D N A Repair and Cell Repai r : A r e They Related? 
Μ . M . E l k i n d 1089 
Differences in Radia t ion Sensitivity i n Subpopulations of M a m m a l i a n Mul t i ce l lu l a r Systems 
G. Br igan t i and F. M a u r o 1095 
Facts and Models A p p l i e d to T u m o r Radiotherapy 
R. F. K a l i m a n 1103 
Immunolog ica l Effects of I r r a d i a t i o n : W a i t i n g for a M o d e l 
G . D o r i a 1111 
In t r ins ic and Extr ins ic Variables Affecting Sensitivity to Radia t ion Carcinogenesis 
J. M . Yuhas 1117 
Li fe Span Shortening 
P. Me ta l i i 1123 
Summing Up the Seminar 
J. W . Boag 1131 
• ANNOUNCEMENTS π 35 
• MEETINGS 1137 
E R R A T A 
Due to production problems associated with the prolonged postal strike in Ireland, the fol lowing compilation errors 
have recently occurred: 
' 'Management o f Advanced Glottic Cancer: 10 Year Review of the Toronto Experience," by A . R. Harwood, Ν . V . 
Hawkins, F. A . Beale, W . D . Rider and D . P. Bryce (Int. J . Radiat. Oncol. Biol. Phys. 5: 899-904, 1979) was 
designated as the second article in the June 1979 issue and should have appeared as an Original Contribution, not a 
Brief Communication. 
' 'Preoperative Irradiation of T3 Carcinoma in Bilharzial Bladder: A Comparison Between Hyperfractionation and 
Conventional Fract ionat ion/ ' by H . Awwad , H . A . ed-Baki, N . el-Bolkainy, M . Burgers, S. el-Badawy, M . 
Mansour, O. Soliman, S. Omar and M . Khafagy (Int. J . Radiat. Oncol. Biol. Phys. 5: 787-794, 1979) should have 
appeared as the lead article in this issue. 
Int. J. Riulimiim Omcohxy Biol. Phys. Vol. 5. pp. 1041-1047 
© Pergamon Press Ltd. . 1979. Primed in the U.S .A. 
0306 - 3016/79 0701 -1041 /$02.00/0 
Radiation Sensitivity: Facts and Models 
P H Y S I C A L A S P E C T S O F R A D I A T I O N S E N S I T I V I T Y 
A L B R E C H T . M . K E L L E R E R 
Institut für Medizinische Strahlenkunde der Universi tät Würzburg , D-8700 Würzburg , Versbacher Str. 5 
A characteristic feature of ionizing radiation is the high energy concentration that occurs in the tracks of 
charged particles regardless of the level of absorbed dose. It is this feature that accounts for cellular radiation 
sensitivity at low doses. A survey is first given over the energies required to inactivate various microorganisms, 
and these energies are then related to the average number of DNA single strand and double strand breaks that 
are produced at the mean inactivation doses. It is pointed out that the production of DNA double strand breaks 
is always a single particle eifect except at very high doses or in aqueous solution. However, a consideration of 
sigmoid dose effect curves and of the L E T dependence of various biological effects indicates that a synergism of 
energy transfers or of radiation induced sublesions occurs over much larger distances. Individual double strand 
breaks cannot, therefore, be the lesions responsible for cellular radiation effects. However, they may be the 
sublesions that combine to produce the observed effects. The microdosimetric analysis that permits an estimation of 
the interaction distances of sublesions and the earlier analysis by L e a 1 6 are described in their essentials. A more 
recent analysis, based on an explicit description of the spatial correlation of energy transfers in charged particle 
tracks, is also discussed. This analysis utilizes the so-called "proximity functions." *The use of these functions is 
exemplified by the application to a recent experiment of Rossi et al.19 where cells are exposed to pairs of deuterons 
with variable lateral separation. 
Ionizing radiation, Cellular effects, Tracks of charged particles. 
I N T R O D U C T I O N 
Impercep t ib le transfer o f energy to the exposed 
object is the s t r ik ing character is t ic o f ion iz ing radia-
t ion that has led to the c o m m o n but erroneous no t ion 
that ion iz ing radiat ion produces substantial b io logica l 
effects by singularly small amounts o f energy. 
Compar i son w i t h thermal energy w o u l d seem to sup-
por t the v i e w that organisms are r emarkab ly sensitive to 
radia t ion energy. The mean lethal dose to a mam-
mal ian cel l o f about 5 G y raises the temperature o f 
the exposed object by mere ly 0.001 °C . H o w e v e r , 
heat, as the most degraded f o r m o f energy, is not a 
suitable basis fo r compar i son , mechanical energy 
content is more appropr ia te . A s imple ca lcula t ion 
shows that the absorbed dose o f 1 G y transfers an 
amount o f energy to the i r radia ted objec t that is 
sufficient to l i f t i t b y 0.1 meter. I t is i n no way 
surpris ing that such a sizable amount o f energy 
should produce substantial effects. Never theless , 
there is reason to speak about the special effectiveness 
o f small amounts o f rad ia t ion energy in the ce l l . This 
special effectiveness is because even at ex t remely 
l o w levels o f absorbed dose, energy is impar t ed to the 
cel l in discrete, finite por t ions that can produce a 
w i d e spectrum o f cel lular lesions. The 'concentra ted 
diss ipat ion o f energy along the t racks o f ind iv idua l 
part icles w h i c h is a unique feature o f the ion iz ing 
radia t ions ' ( L . G . Gray in his preface to Lea 's b o o k 1 6 ) 
has been a central theme o f radia t ion biophysics f r o m 
the beginnings o f theoret ical b iophysics (see e.g. 6); 
approaches towards a better unders tanding o f radia t ion 
sens i t iv i ty must st i l l be based on the s tudy o f the 
mic rod i s t r i bu t i on o f energy impar ted to the cel l . 
R A D I O S E N S I T I V I T Y A N D E N E R G Y C O N C E N -
T R A T I O N O N T H E M O L E C U L A R S C A L E 
The no t ion o f rad iosens i t iv i ty is ambiguous. A 
compar i son o f the to ta l energies necessary to i n -
act ivate b io logica l structures w o u l d indicate that a 
mammal i an cel l is a lmost a m i l l i o n t imes more resis-
tant than a simple en t i ty such as a single strand 
phage. Even i f on ly that energy is considered that is 
d i r ec t ly absorbed in the D N A , the rat io is st i l l far 
greater than 1,000. I f , on the other hand, radiosen-
s i t i v i t y is related to dose, one arrives at the opposite 
conclus ion . A mammal ian cell appears then to be 
1,000 times more sensit ive than the single strand 
phage. 
General statements on radiosensi t iv i ty are d i f f i c u l t , 
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Table l . t Single and double strand breaks produced in various biological structures by 
sparsely ionizing radiation at their respective mean inactivation doses (condition of sup­
pressed indirect action). 
Number of double 
Number of strand breaks 
Molecular single "DSB 
weight of strand intra- inter-
Object 
D N A 
m/dalton 
D 3 7 
Gy 
£ D N A 
eV 
breaks 
' * S S B 
track 
action 
track 
action 
Single strand 
phage 
φχ\74 1.7· 106 4000 70 1 N?at N + A 
Phage ΤΊ 2.5 · 107 1000 260 4 0.2 0.001 
E. coli 2.8 · 109 25 730 10 0.5 0.0001 
Mammalian 
cell 4* 10 1 2 5 200 000 3000 150 0.005 
tAssumptions: 
1. EDNA : energy directly imparted to the D N A molecule 
EDNA/cV = 1.04 · 10"8 · m/dalton D/Gy (a) 
2. Probability of single strand break (SSB) per base pair (600 dalton): PSSB = 8 g * 1° 8 D / G V 
(70eVperSSB) (b) 
3. ratio 1:20 of double strand breaks (DSB) S to SSB S 
4. inter-track formation of DSB. S i f 2 SSB S are produced by different particles on opposite 
strands with a separation of no more than 3 nucleotides. Resulting probability of DSB per base 
pair. 
ΡDSB
 = 4.3 · 10 9 ( D / G y ) + 3.2 · Η Γ 1 4 (D/Gy) 2 (c) 
For a mammalian cell: 
nDsB = 28-(D/Gy) + 2.1 · 10~4 (D/Gy) 2 (d) 
where the linear term represents the intra-track mechanism, and the quadratic term the 
inter-track mechanism. For densily ionizing radiations the coefficient of the linear term is 
probably larger 1 7 but there is not sufficient information on this point. 
$Not applicable. 
and it is necessary to examine in some detai l the 
efficiency o f ion iz ing radiat ions in p roduc ing cel lular 
lesions and the efficiency o f cells in coping w i t h such 
lesions. A considerat ion o f the most fundamenta l 
radia t ion- induced lesions, namely single and double 
strand breaks in D N A , can help to c la r i fy these 
matters. 
Table 1 gives a synopsis o f data on breaks fo r a 
single strand D N A phage, a double strand phage, a 
bac ter ium, and a mammal ian ce l l . Rough values are 
g iven in c o l u m n 2 for exper imenta l ly de te rmined 
mean inac t iva t ion doses D 3 7 . They apply to sparsely 
ion iz ing radiat ions and they are used to der ive the 
energies £ D N A that are, at these doses, impar ted to the 
D N A molecules . The quan t i ty £ D N A ( = absorbed 
dose x mass o f the D N A ) may not appear per t inent , 
because lesions in D N A do not result exc lus ive ly 
f r o m energy d i rec t ly impar ted to the D N A . H o w e v e r , 
i t is a suitable reference quan t i ty insofar as one 
obtains on this basis, for var ious organisms, a y ie ld o f 
roughly 1 single strand break per 70 eV absorbed in 
D N A . The y ie ld o f double s t rand breaks is less w e l l 
k n o w n , but a ra t io o f 1:20 fo r double to single strand 
breaks is in reasonable agreement w i t h exper imenta l 
observat ions fo r phages as w e l l as f o r ce l l s 2 , 9 . W i t h 
these values one obtains the data g iven in columns 4 
and 5. These are the average numbers o f single strand 
breaks and double strand breaks that are produced at 
the respect ive mean inac t iva t ion doses Z ) 3 7 . 
One single strand break is sufficient to inact ivate 
the single s trand phage φχ!Ί4, and single strand 
breaks can also lead to the i nac t i va t i on o f other 
phages and even o f bacteria. I n compar i son , i t is 
s t r ik ing that a mammal i an cel l can tolerate and 
efficiently repair several thousand single strand 
breaks and also, apparent ly , a considerable number o f 
double strand breaks. 
I t is occas ional ly postulated that o n l y 1 or, at most , 
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a few doub le strand breaks are produced at the mean 
inac t iva t ion dose o f a mammal ian ce l l , and that 1 
double s t rand break is sufficient fo r the inac t iva t ion 
o f a mammal ian c e l l . 4 This argument is based on the 
presumpt ion that all double strand breaks result f r o m 
the r a n d o m coinc idence o f 2 s ingle strand breaks 
produced by separate charged particles (inter-track 
actior). A s shown in the last c o l u m n o f Table 1, one 
obta i rs far less than 1 double strand break by this 
random mechanism at a dose o f 5 G y , Clear ly , this 
mechanism, w h i c h goes w i t h the square o f the ab­
sorbed dose, is ent i re ly insignificant compared w i t h 
the term that is l inear in dose and that results f r o m 
the p roduc t ion o f double strand breaks by 1 single 
particle (intra-track action). 
The predominance o f the in t ra- t rack f o r m a t i o n o f 
double s t rand breaks underscores the fact that radia­
t ion sensi t iv i ty is, at least for eukaryotes , de termined 
by the dense concentra t ion o f energy transfers along 
each charged part icle t rack. H o w e v e r , energy con­
centra t ion w i t h i n dimensions comparable to those o f 
the D N A - d o u b l e hel ix cannot be the on ly relevant 
factor. Th i s fo l l ows f r o m the fact that many cel lular 
eifects o f sparsely ion iz ing radiat ions increase more 
than l inearly w i t h absorbed dose. I n these cases inter-
t rack act ion must be present. H o w e v e r , knowledge o f 
the under ly ing mechanisms is st i l l incomple te . 
C O R R E L A T E D E N E R G Y T R A N S F E R O N T H E 
C E L L U L A R S C A L E 
There is now general agreement that the relat ive 
biological effectiveness ( R B E ) o f ion iz ing radiations 
is l inked to the spatial cor re la t ion o f the energy 
transfers f that occur along the t racks o f charged 
part icles. H o w e v e r , the agreement does not extend 
far beyond the recogni t ion that the R B E fo r effects 
on eukaryotes increases w i t h increasing l inear energy 
transfer ( L E T ) , and that it decreases after an o p t i ­
m u m value o f L E T is passed that corresponds for ­
tu i tous ly to the stopping power o f pro tons at their 
Bragg peak (— 100 k e V / ^ r o ) . I t remains a point o f 
con t roversy whether the cr i t ica l fac tor is the energy 
concent ra t ion in the D N A double hel ix and its i m ­
mediate surroundings 4 , 7 ,or whether the concent ra t ion 
in sites that are up to 1000 t imes larger is o f greater 
i m p o r t a n c e 1 0 1 3 . 
The increase o f the R B E w i t h L E T , a single par t i ­
cle effect, and s igmoid dose effect relat ions, a 2 
par t ic le effect, are both expressions o f the fact that 
the biological effect considered increases more than 
l inear ly w i t h energy concentra t ion. T h e non- l inear i ty 
f The term energy transfer is used in the sense of energy 
transferred at a point from the radiation field to the irradiated 
matter. The energy transfer at a point is therefore equal to the 
must result f r o m the in teract ion o f energy transfers 
or o f radia t ion products such as free radicals, or 
f r o m the combina t ion o f cel lular sublesions. 
A n ident i f icat ion o f the nature o f the in terac t ion 
processes or o f the sublesions can be achieved on ly 
on the basis o f detailed knowledge o f the spatial and 
tempora l separations that are i nvo lved . M i c r o -
dos imet ry has been developed towards this ob jec t ive , 
but the analysis in terms o f mic rodos imet ry is closely 
related to earlier approaches. 
Micro dosimetric analysis 
Lea was the first to derive distances invo lved in the 
in te rac t ion o f radia t ion induced sublesions 1 6 . H e 
compared the nearly quadratic dose dependence fo r 
chromosome aberrations produced by X-rays w i t h the 
linear dependence that results , w i t h neutrons. Lea 
based his analysis on the assumption that neutrons 
and X- rays produce sublesions (chromosome breaks) 
w i t h equal effectiveness. H e assumed fur ther that any 
pair o f sublesions separated by a distance less than a 
c r i t i ca l value, A, can combine to f o r m a lesion (aber­
ra t ion) . The y ie ld per uni t dose is then propor t iona l to 
the average energy, Δ Ε , conta ined in a region o f 
radius, A, around an energy transfer, 6. For neutrons, 
ΔΕ is equal to the average energy contained in a 
segment o f length 2A o f the par t ic le t rack that con­
tains β; energy transferred to the region by other 
charged particles is disregarded. For X-rays , the 
energy f r o m the single part icle t rack is disregarded, 
and Δ Ε is set equal to the energy that is impar ted to 
the v i c i n i t y o f e by all the other charged particles. 
Lea found that A cannot be less than fract ions o f 
a micrometer i f the rat io o f the values Δ Ε is to be 
equal to the rat io o f observed effects for neutrons and 
X- rays . By this argument he excluded the poss ib i l i ty 
that cer tain chromosome aberrat ions, e.g. d icentr ics , 
result f r o m a lesion, such as a double strand break, 
that involves on ly short range in teract ion o f energy 
transfers or o f sublesions. 
The microdos imet r ic argumenta t ion is ent i re ly 
s imilar . The essential difference is that measured 
microscopic d is t r ibut ions o f energy concentra t ion are 
u t i l ized instead o f rough estimates. 
The microdos imet r i c quan t i ty specific energy, z, is 
defined as the energy actual ly impar ted to a site 
d iv ided by the mass o f the s i te . 1 1 I t is therefore the 
stochastic (i.e. random) counterpar t o f the non-sto­
chastic (i.e. average) quan t i ty absorbed dose. The 
energy average, ζ, o f the possible increments o f 
specific energy in the site as a result o f ind iv idua l 
charged particles (and/or the i r secondaries) can be 
kinetic energy of the incident ionizing particle minus the 
kinetic energy of any emerging ionizing particle 1 2. 
1044 Radiation Oncology # Biology · Physics 
determined exper imenta l ly or theoret ical ly fo r 
different site diameters and fo r different radia t ion 
quali t ies. 
Consider an energy transfer w i t h i n a site. Then ζ is 
the average energy concen t ra t ion in the site that 
results f r o m the single par t ic le t rack. The probab i l i ty 
fo r the occurrence o f independent particles is un­
changed by the presence o f the reference t rack; this 
is one o f the essential propert ies o f a Poisson 
process. A c c o r d i n g l y the average con t r ibu t ion o f 
other , independent particles is equal to the absorbed 
dose D . I f the observed effect is due to lesions that 
result f r o m a combina t ion o f pairs o f sublesions w i t h i n 
the site, one obtains the l inear-quadratic dose effect 
re la t ion that represents the in t ra- t rack and the inter-
t rack act ion:* 
e (D) = k(C + D)D = k(iD + D2) (1) 
The examina t ion o f numerous dose-effect relations 
and RBE-dose relat ions fo r effects o f sparsely ion iz ­
ing radiat ions and neutrons on cells and tissues has 
led to the conc lus ion that the values o f ζ are a lways 
such that they correspond to sites w i t h diameters 
f r o m a f rac t ion o f 1 /xm up to several μ π ι 1 0 , 1 3 . I t has 
therefore been concluded that var ious effects o f ion­
iz ing radiat ions on higher organisms result f r o m lesions 
that invo lve in te rac t ion o f energy transfers or 
sublesions over distances up to a few micrometers . 
I n par t icular , i f one excludes energy transfer over 
large distances, the inac t iva t ion o f mammalian cells 
cannot result f r o m the p roduc t ion o f ind iv idua l 
double strand breaks in D N A . The in teract ion distances 
that can be assumed for this process are so small that 
one w o u l d obta in a magnitude o f ζ far in excess o f 
values compat ib le w i t h surv iva l curves for sparsely 
ion iz ing radiat ions or w i t h RBE-dose relations for 
neutrons (see F ig . 1). I n this connect ion one may note 
that eqn (c) and (d) in Table 1 correspond to a value ζ 
larger than 105 G y ; such a value belongs to in teract ion 
distances in the nanometer range. 
The microdos imet r ic analysis is in substantial 
agreement w i t h a wide range o f exper imental obser­
vat ions, and i t has led to the predic t ion o f un­
expectedly high R B E values o f neutrons at l o w doses 
that have recent ly been verif ied fo r lens opacif icat ion, 1 
for somatic mutat ions in plants 2 2 , and for 
radia t ion induced t u m o u r s 2 0 2 1 . 
H o w e v e r , the fo rma l i sm also has obvious l im i t a ­
t ions. The t reatment in terms o f hypothe t ica l spheri­
cal sites had merely been chosen because available 
mic rodos imet r i c data relate to such sites. The actual 
s i tuat ion is more proper ly described in terms o f 
sublesions that are produced throughout the nucleus 
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o f the cel l and that combine w i t h a p robab i l i ty 
dependent on thei r spatial as w e l l as tempora l 
separation. A n approach that takes this in to account 
has been developed r e c e n t l y . 1 4 I t u t i l izes a func t ion 
that is an in teres t ing l i nk be tween mic rodos ime t r i c 
quanti t ies and L E T , and i t w i l l be described i n its 
essentials. 
Application of the proximity function 
I f the b iophys ic i s t cou ld f ree ly choose the most 
suitable probe fo r his inves t iga t ions , he w o u l d un­
doubted ly avo id the c o m p l e x i t y o f charged part icle 
t racks and instead select an ideal r ad ia t ion w h i c h 
gave pairs o f energy transfers at cons tant distance, x, 
apart. The effectiveness o f such a rad ia t ion , i f i t 
exis ted, w o u l d p rov ide a f u n c t i o n , y(x), w h i c h c o m ­
bined the p robab i l i t y that the 2 t ransfers should bo th 
occur w i t h i n the sensit ive s t ruc ture o f the cell and 
that resul t ing sublesions should then combine . 
W i t h real radiat ions one a lways has to deal w i t h a 
d i s t r ibu t ion o f distances be tween energy transfers. 
This can be represen ted 5 , 1 2 by a f u n c t i o n , tD(x), that 
specifies the d i s t r i bu t i on o f ne ighbor ing energy 
transfers at distance, JC, f r o m a t ransfer , e, r andomly 
selected. t(x) dx is defined as the average energy 
impar ted to a spherical shell o f radius , JC, and th i ck ­
ness, dx, that is centered at e. T h e func t ion , tD(x), 
separates conven ien t ly in to 2 te rms . One is the con­
t r i bu t i on f r o m par t ic le t racks unre la ted to e; this t e rm 
is p ropor t iona l to absorbed dose and independent o f 
radia t ion qua l i ty . The other t e r m is the con t r ibu t ion 
f r o m the par t icular t rack to w h i c h e belongs; this 
0 0.5 1 1.5 
d / μηη 
Fig. 1 Values of the microdosimetric quantity ζ in spherical 
sites of different diameter for γ - r ays , 340 keV neutrons, and 
α-part icles, ζ is the energy average of the increment of 
specific energy produced by individual energy deposition 
events (see,12) i.e. by individual charged particles and/or their 
secondaries. 
'Temporal separation that affects the inter-track term but considered here, 
not the intra-track term is an important factor that is not 
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t e rm is independent o f absorbed dose and depends on 
rad ia t ion q u a l i t y ; 
tD(x) = t(x) + 4npx2D (2) 
T h e f u n c t i o n t(x), i.e. the con t r i bu t i on f r o m the par-
t i cu la r par t ic le t rack , p rovides a useful characteriza-
t i o n o f rad ia t ion qua l i ty . I t is, in fact , p ropor t iona l to 
the p r o b a b i l i t y densi ty o f all mutua l distances be-
t w e e n energy transfers (dis turbed molecules) 
p roduced by a charged par t ic le . Boag proposed such 
a f u n c t i o n a number o f years ago 3 and he po in ted out 
that i t migh t be a rel iable tool even i f i t had less 
p i c to r i a l appeal than stereo models o f t racks . I n con-
trast to a p robab i l i t y densi ty the funct ions t(x) and 
tD(x) are not normal ized to u n i t y ; instead they have 
the d imens ion energy by length and their integral is 
equal to average energy impar ted up to distance x. 
T h e f u n c t i o n t(x) characterizes the average spatial 
co r re l a t ion o f energy transfers in charged part icle 
t racks . I f refers to a u n i f o r m med ium and depends on 
the type o f the m e d i u m . 
t(x) stands i n an in teres t ing re la t ion to L E T and can 
even be considered as a general izat ion o f L E T . 
W i t h i n the appl icab i l i ty o f the concept o f l inear 
energy transfer one has t(x) = 2 · L E T . H o w e v e r , 
in contras t to l inear energy transfer, accounts both 
fo r the increased f requency o f correlated energy 
transfers at short distances, and for the decrease o f 
corre la ted transfers at distances that are comparable to 
the range o f the charged part icles . Figure 2 gives the 
func t i on t(x)y the so-called proximity function, fo r low 
energy e lect rons . 
50 
Var ious interest ing propert ies l ink the func t ion t(x) 
to the established mic rodos imet r i c quanti t ies and to 
L E T . These w i l l not be considered here. H o w e v e r , an 
equa t ion w i l l be repor ted that permits the deter-
m i n a t i o n o f the func t ion y(x). 
I f cel lular lesions result f r o m the combina t ion o f 
pairs o f sublesions, their y ie ld is determined by the 
integral over the produc t o f y(x) and tD(x): 
00 
e(D) =küj y(x)tD(x) dx 
0 oc oc 
= kD^j y(x)t(x) dx + 4irpD J x2y(x) dx} (3) 
ο ο 
W i t h the convenient normal iza t ion 4πρ fx2y(x)dx= 1 
one obtains: 
00 
e ( D ) = ΗξΌ + D2) w i t h ξ = j t(x)y(x) dx (4) 
ο 
This re la t ion is i l lus t ra ted in F ig . 3. I t takes the place 
that eqn 1 held in the earlier microdos imet r ic treat­
ment. 1 3:!: A p p l i e d to recent exper iments , i t has led to 
significant conclusions and to some definite revis ions 
o f earlier not ions. 
The actual f o r m o f the func t ion y(x) is not very 
impor t an t , as long as one deals exclus ive ly w i t h rad i ­
ations that produce charged particles w i t h ranges that 
are large compared to cel lular dimensions. H o w e v e r , 
i t is c r i t i ca l for short range part icles , such as elec­
trons l iberated by l o w energy photons. These par t i -
200 
Distance x/nm 
Fig. 2. Proximity functions, t(x), for electrons of energy 0.5, 2 and 10 keV in tissue. t(x) dx is the expected 
energy transfer at distance χ to χ + dx from an energy transfer randomly chosen. Only energy transfers from 
the same particle track are considered (data f rom 1 8 ) . 
*Eqn 1 is the special case of eqn 4 that results with 
3x x3 
r ( x ) = ( 1 _ 2 d + 2iF ) ' X < d 
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LOW LET, LONG RANGE HIGH LET, SHORT RANGE 
MEAN NUMBER OF 
NEIGHBORING TRANSFERS 
SAME TRACK 
OTHER TRACKS 
PROBABILITY OF PAIR OF TRANSFERS 
SEPARATED BY DISTANCE χ 
TO OCCUR IN SITE AND FORM LESION 
RESULTING EFFECT 
INTRA TRACK ^ 
.2 
- INTER TRACK %D 
Fig. 3. Derivation of Eqn 4. 
cles release on ly moderate energies, but produce the 
energy transfers in close p r o x i m i t y so that thei r 
effectiveness is greatly enhanced since y(x) has a 
m a x i m u m at small values o f x. 
I t appears that recent cel l s u r v i v a l da ta 8 ob ta ined 
w i t h l o w energy photons are incons is ten t w i t h the 
ear l ier mic rodos ime t r i c t rea tment (eqn 1) w h i l e they 
m a y be consistent w i t h an in te rac t ion f u n c t i o n y(x) 
tha t decreases rap id ly w i t h dis tance, bu t st i l l extends 
w i t h smal l values to the large i n t e r ac t i on distances 
tha t are responsible fo r the s igmoid shape o f the 
s u r v i v a l curves obtained w i t h conven t iona l X - r a y s 
and γ - r a y s , 
M o r e definite conclusions have a l ready been d r a w n 
f r o m a current exper iment b y Rossi et al.19 that u t i l i zes 
cor re la ted deuterons t ravers ing the cells in pairs at 
specified mean lateral separations, b. T h e func t ions , 
tb{x), can be readi ly computed f o r the different values 
o f b that are employed , and a p r e l i m i n a r y ana lys i s 1 5 
i n t e rms o f eqn 4 o f surv iva l data f o r GJS cells has 
y ie lded the in te rac t ion func t ion y(x) tha t is g iven i n 
F i g . 4 as a sol id l ine . This f u n c t i o n leads to the best fit. 
H o w e v e r , one can obta in rough agreement w i t h the 
observat ions also i f the b roken l ine is assumed. N o 
acceptable fit can be obtained w i t h o u t a p ronounced 
peak o f y(x) at short distances and w i t h o u t an ex ten­
s ion to values substantial ly exceeding JC = 1 μ,πι. 
1 0 0 , , , r 
. 0 0 1 . 0 1 .1 1 10 
χ (μηη) 
Fig. 4. Probability (in rel. units) that 2 energy transfers 
separated by distance, JC, shall combine to form a lesion. 
Results inferred from cell inactivation studies with cor­
related deuterons (see Refs. 15,19 for V-79 Chinese hamster 
cells in GJS phase. The solid line is in best agreement with 
the observations; the broken line leads to a poorer fit but 
cannot be rejected. No function y(jc) that does not extend 
beyond 1 μπ ι is consistent with the data. 
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Similar results are obta ined fo r late S cells. I t is o f 
interest that the solid line cor responds very closely to 
a configurat ion where c lumps o f sensitive structures 
( D N A ) o f diameter 0.1 μ π ι are r andomly d is t r ibu ted 
over a larger region that has r o u g h l y the d imens ion o f 
the nucleus o f the cel l . This w o u l d be consistent w i t h 
the assumpt ion that the sublesions are double strand 
breaks in D N A , and that the actual lesions result 
f r o m the combina t i on o f pairs o f such sublesions. The 
numerical analysis shows tha t a lmost all in t ra- t rack 
combinat ions w o u l d have to occu r w i t h i n ind iv idua l 
c lumps (short range in te rac t ion) , wh i l e most o f the 
inter- t rack interact ions w o u l d have to i nvo lve 
separate c lumps (long range in terac t ion) . Th i s 
characteris t ic difference be tween the linear in t ra-
track effect and the quadrat ic in te r - t rack effect has 
impor tan t impl ica t ions . 
C O N C L U S I O N S 
It is apparent that the concen t ra ted diss ipat ion o f 
energy determines the rad iosens i t iv i ty o f higher 
o r g a n i s m s . T h e s i g m o i d dose-effect r e l a t i o n s f o r 
sparsely ion iz ing radiat ions require in t e rac t ion dis­
tances between energy transfers o f separate par t ic les 
that are o f the order o f a few micrometers . H o w e v e r , 
it appears that the in te rac t ion p robab i l i t y o f energy 
transfers is great ly enhanced at smaller distances, and 
that the short range in teract ions predominate f o r the 
in t ra- t rack effect, i.e. for the in te rac t ion o f energy 
transfers w i t h i n charged part icle t racks. A c c o r d i n g l y 
there is no c learcut answer to the ques t ion whe the r 
energy concent ra t ions on the scale o f the D N A 
double helix or ove r larger distances are the decis ive 
fac tor that de termines R B E . B o t h scales are re levant . 
Exper iments w i t h shor t range particles or w i t h spat i­
a l ly correla ted par t ic les may provide fu r the r and 
more precise i n f o r m a t i o n on this poin t , and a recent 
theoret ical concept , the p r o x i m i t y f u n c t i o n , can be an 
impor t an t too l i n these invest igat ions. 
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